The Hulse-Taylor binary provides possibly the best test of GR to date. We find the modified quadrupole formula for Infinite Derivative Gravity (IDG). We investigate the backreaction formula for propagation of gravitational waves, found previously for Effective Quantum Gravity (EQG) for a flat background and extend this calculation to a de Sitter background for both EQG and IDG. We put tighter constraints on EQG using new LIGO data. We also find the power emitted by a binary system within the IDG framework for both circular and elliptical orbits and use the example of the Hulse-Taylor binary to show that IDG is consistent with GR.
General Relativity (GR) has been spectacularly successful in experimental tests, notably in the recent detection of gravitational waves [1] . One of the most renowned tests is the Hulse-Taylor binary. The way the orbital period of these two stars changes over time depends on the gravitational radiation emitted. This matches the GR prediction to within 0.2% [2] .
However, GR breaks down at short distances where it produces singularities. The first attempts to modify gravity by altering the action failed because they generated ghosts, which are excitations with negative kinetic energy [3] . Infinite Derivative Gravity (IDG) avoids this fate while also allowing us the possibility to not produce singularities.
IDG has the action [6] 
where M P is the Planck mass, R is the Ricci scalar, R µν is the Ricci tensor and C µνρλ is the Weyl tensor. Each F i ( ) is an infinite series of the d'Alembertian operator = g µν ∇ µ ∇ ν i.e. F i ( ) = ∞ n=0 f in n /M 2n , where the f in s are dimensionless coefficients and M is the mass scale of the theory, which dictates the length scales below which the additional terms come into play.
The propagator Π IDG around a flat background in terms of the spin projection operators is modified as follows [6] 
where a and c (given in (4)) are combinations of the F i ( )s from (1) . In the second equality we have taken the simplest choice a(k 2 ) = c(k 2 ), giving a clear path back to GR in the limit a(k 2 ) → 1. The simplest way to show that there are no ghosts is to show that there are no poles in the propagator, which means there can be no zeroes in a(k 2 ). Any function with no zeroes can be written in the form of the exponential of an entire function, so we choose a(
, where γ is an entire function. Any entire function can be written as a polynomial γ(k 2 ) = c 0 + c 1 k 2 + c 2 k 4 + · · · , so a priori we have an infinite number of coefficients to choose. However, it was shown that only the first few orders will appreciably affect the predictions of the theory, as terms higher than order ∼ 10 can be described by a rectangle function with a single unknown parameter [33] .
The quadrupole formula tells us the perturbation to a flat metric caused by a source with quadrupole moment I ij . Here we use the equations of motion to find the modified quadrupole formula for IDG.
I. MODIFIED QUADRUPOLE FORMULA
The IDG equations of motion for a perturbation h µν around a flat background η µν are given by [6] 
where κ = M −2 P and
and it should be noted that as a( ) = c( ), then f ( ) = a( ) − c( ) = 0. If we take the de Donder gauge ∂ µ h µν = 1 2 ∂ ν h and assume a( ) = c( ), then where we have definedh µν ≡ h µν − 1 2 g µν h 1 . Note that in the limit a → 1, we return to the GR result. We invert a( ) and follow the usual GR method [35] where we assume the source is far away, composed of non-relativistic matter and isolated. In this approximation, the Fourier transform of h µν with respect to time is
When we insert the definition of the quadrupole moment, I ij = d 3 y T 00 (y)y i y j , write out the full expression for I ij and define the retarded time t r = t − r, we obtain
II. SIMPLEST CHOICE OF a( )
We choose a(k 2 ) to avoid ghosts, by ensuring there are no poles in the propagator. If we choose a(k 2 ) = e
and use the formula for the inverse Fourier transform of a Gaussian, we find
This is the modified quadrupole formula for the simplest case of IDG. We now need to specify I ij . For example, when we look at the radiation emitted by a binary system of stars of mass M s in a circular orbit, the 11 component
, where R is the distance between the stars and ω is their angular velocity. Thereforē
Comparing to the GR case, we see that this matches the GR prediction at large M , but at small M there is a reduction in the magnitude of the oscillating term compared to GR.
III. BACKREACTION EQUATION
There is a second order effect where gravity couples to itself and produces a backreaction. In [36] , the backreaction was found for Effective Quantum Gravity (EQG). EQG has a similar action to IDG (the
2 ) where µ is a mass scale [37] [38] [39] .
In this section we generalise the result of [36] (see also [40] [41] [42] ) and also extend it to a de Sitter background. Using the Gauss-Bonnet identity and a similar expression for the higher-order terms [43] we can focus on (1) without the Weyl term.
Far away from the source, we use the gauge ∇ µ h ν µ = 0 and h = 0, to simplify the linearised and quadratic (in h µν ) curvatures around a de Sitter background, given in (A1) and (A2).
The linear vacuum equations of motion around a dS background in this gauge [44, 45] are
where f 10 is the zeroeth order coefficient of F 1 ( ) and the background Ricci curvature scalar isR = 12H 2 , where H is the Hubble constant. Upon inserting (10) into the averaged second order equations of motion for the non-GR terms (A3),
where f 10 corresponds to b 1 in the EQG formalism and X represents the spacetime average of X using the same definition as [36] .
1 Alternatively, we can follow the method of [34] and define the gauge ∂ µ γµν = 0,where
ηµν f ( )∂α∂ β h αβ . This produces the result −2κTµν = γµν .
(11) is the full backreaction equation for any action with higher derivative terms which is quadratic in the curvature; we have not used the fact that IDG contains an infinite series of the d'Alembertian and so this method can be applied to finite higher derivative actions, for example [46, 47] . So the energy density ρ = t 00 is given by
For a plane wave 2 solution h µν = µν cos(ωt − kz), we find (including the GR term) [50] [51] [52] [53] and therefore ω 2 = k 2 . Kuntz used LIGO constraints on the density parameter Ω 0 as well as the constraint on the mass of the pole m > 5×10 13 GeV to constrain , the amplitude of the massive mode as < 1.4 × 10 −33 [36] . Since then, LIGO has found more stringent constraints of Ω 0 < 5.58 × 10 −8 [54] . Following the same method as [36] , we divide by the critical density ρ c = 
which we use to find a stronger constraint of < 8.0 × 10 −34 . This cuts the allowed parameter space nearly in half and makes it less likely that the detector [55] referred to in [36] would be able to detect this mode.
IV. POWER EMITTED
We can use the backreaction equation to find the power radiated to infinity by a system, which is given by [35] 
where the integral is taken over a two-sphere at spatial infinity S 2 ∞ and n µ is the spacelike normal vector to the two-sphere. In polar coordinates, n µ = (0, 1, 0, 0). We are therefore interested in the t 0r component.
In the limit H → 0 and including the usual GR term, (11) becomes
Note that h T T 0ν = η 0r = 0, which means we can discard the second and third terms in the square bracket. The relevant term for the power becomes
Note that this is the same as the GR expression, but where we have definedÎ ij = dt r e −M 2 (tr−t r ) 2 /4 I ij (t r ) instead of I ij . If we convert to the reduced quadrupole momentĴ ij , using J ij = I ij − δ ij δ kl I kl [35] , we can use the identities (C1) from [35] to see that the power emitted by a system is
. This result can then be applied to any system for which we know the reduced quadrupole moment. We will now apply it to binary systems in both circular and elliptical orbits.
A. Circular orbits
For a binary system of two stars in a circular orbit, the reduced quadrupole moment J ij in polar coordinates is given in [35] and depends on the mass of each of the stars M s , the distance between them R, and the angular velocity ω.
3 Using (18), our power is (again in the limit r → ∞) and using sin
This is the GR result with an extra factor of e
where M is the IDG mass scale. This gives a reduction in the amount of radiation emitted from a binary system of stars in a circular orbit. Note that this factor tends to 1 in the GR limit M → ∞.
B. Generalisation to elliptical orbits
The power radiated by a binary system with a circular orbit is of limited applicability because in GR the power emitted is highly dependent on the eccentricity e of the orbit [56] , i.e. P GR = P circ GR f GR (e). where f GR (e) is an enhancement factor that reaches 10
3 at e = 0.9. The circular orbit is therefore unlikely to be an accurate approximation.
FIG. 1. The enhancement factor f
IDG (e) given by (D4) against the eccentricity e as well as the enhancement factor for the GR term f GR (e), where the total power is P circ GR f GR (e) + P circ IDG f IDG (e). This factor describes how the power emitted changes with respect to the eccentricity. The extra IDG term will show up most strongly at around e = 0.7, which coincidentally is close to the value for the Hulse-Taylor binary (0.617).
For an elliptical orbit, the relevant components of the reduced quadrupole moment are [56] 
where µ is the reduced mass m 1 m 2 /(m 1 + m 2 ) and the distance d between the two bodies is given by
1+e cos(ψ) , where e is the eccentricity of the orbit and a is the semimajor axis [56] . The change in angular position over time iṡ
For the xx component, we need to calculatê
(1 + e cos(ψ(t r ))) 2 . (22) This is a very difficult integration to do. However, if we make the change of coordinates z = M (t r − t r ), we can use a Taylor expansion in 1 M if it is small and the identities (D2) to see that we can write down (D3), i.e.
where the IDG power for an elliptical orbit is the power for a circular orbit multiplied by an enhancement factor f (e) which depends on the eccentricity.
We find that
where f IDG (e) is a polynomial of 22nd order and so is given in the appendix. In the limit M → ∞, P IDG → 0 and (23) returns to P GR . f IDG (e) is plotted in Fig 1 with  a comparison to the enhancement factor for GR, f GR (e). The Hulse-Taylor binary has a period of 7.5 hours and ellipticity of 0.617. The radiation emitted from the Hulse-Taylor binary is 0.998 ± 0.002 of the GR prediction [2] , which leads to the constraint M > 6.9 × 10 −49 M P = 1.0×10 −21 eV on our mass scale M , which is much weaker than previous constraints.
The previous lower bound 4 is ∼0.01 eV from labbased experiments [13] . In order to produce a comparable constraint, we would need to study radiation produced from systems with orbital periods 5 of less than 10 −4 seconds. Not only do these systems have an orbital frequency much higher than LIGO and LISA will be able to probe (15-150 Hz [58] and 10 −4 -10 −1 Hz [59] respectively), but they would also be out of the weakfield regime we used for our calculations. Therefore labbased experiments and CMB data are likely to provide the tightest constraints in the near future.
V. CONCLUSION
We found the modified quadrupole formula for IDG, which describes how the metric changes for a given stressenergy tensor. We generalised the backreaction formula already found for Effective Quantum Gravity (EQG) to a de Sitter background (for both EQG and IDG). We used updated LIGO results to give a tighter constraint of < 8.0 × 10 −34 on the amplitude of the massive mode in EQG.
Finally, we found the power emitted by a binary system, for both circular and elliptical orbits and investigated the example of the Hulse-Taylor binary. We showed that IDG is consistent with the GR predictions. The curvatures to quadratic order are
The averaged second order equations of motion are
We perform a similar calculation forĴ yy to find that the full enhancement factor for the IDG term f IDG (e) is given by 
